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Abstract
Kaposi’s sarcoma-associated herpesvirus (KSHV) is an oncogenic herpesvirus associated with multiple AIDS-related
malignancies. Like other herpesviruses, KSHV has a biphasic life cycle and both the lytic and latent phases are required for
tumorigenesis. Evidence suggests that KSHV lytic replication can cause genome instability in KSHV-infected cells, although
no mechanism has thus far been described. A surprising link has recently been suggested between mRNA export, genome
instability and cancer development. Notably, aberrations in the cellular transcription and export complex (hTREX) proteins
have been identified in high-grade tumours and these defects contribute to genome instability. We have previously shown
that the lytically expressed KSHV ORF57 protein interacts with the complete hTREX complex; therefore, we investigated the
possible intriguing link between ORF57, hTREX and KSHV-induced genome instability. Herein, we show that lytically active
KSHV infected cells induce a DNA damage response and, importantly, we demonstrate directly that this is due to DNA
strand breaks. Furthermore, we show that sequestration of the hTREX complex by the KSHV ORF57 protein leads to this
double strand break response and significant DNA damage. Moreover, we describe a novel mechanism showing that the
genetic instability observed is a consequence of R-loop formation. Importantly, the link between hTREX sequestration and
DNA damage may be a common feature in herpesvirus infection, as a similar phenotype was observed with the herpes
simplex virus 1 (HSV-1) ICP27 protein. Our data provide a model of R-loop induced DNA damage in KSHV infected cells and
describes a novel system for studying genome instability caused by aberrant hTREX.
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Introduction
Genome instability, an enabling characteristic of the hallmarks
of cancer, has long been established as a major contributing factor
to cancer formation and progression [1,2]. However, our
understanding of the underlying molecular causes is still in its
relative infancy. Contributing factors of genome instability are
wide ranging and incorporate those from exogenous sources, such
as ionising radiation, endogenous sources such as reactive oxygen
species (ROS) and reactive nitrogen species (RNS), as well as
mutations incorporated into the genome during cell replication,
including DNA replication errors and error prone DNA repair
[3,4]. Cells have evolved to deal with this onslaught of damage
through several DNA repair pathways, each specific to certain
types of damage [4]. The most severe types of DNA damage result
in double strand breaks (DSB) that can be repaired primarily
through error-free homologous recombination (HR) [5,6], or
error-prone non-homologous end-joining (NHEJ) [6]. DSBs are
closely associated with cancer progression and can include severe
chromosome pulverisation and chromothripsis [7–9] leading to
major chromosome rearrangements, as well as smaller mutations.
As such, DSBs are known to be an integral part of many cancers,
for example, breast cancers, Burkitt’s lymphoma, and multiple
leukaemia’s [10–12].
The Kaposi’s sarcoma-associated herpesvirus (KSHV) is an
important oncogenic virus associated with multiple AIDS-
associated malignancies including Kaposi’s sarcoma (KS),
primary effusion lymphoma (PEL) and multicentric Castleman’s
disease (MCD) [13,14]. Like all herpesviruses, KSHV has a bi-
phasic lifecycle incorporating latency and lytic replication [15].
During latency the virus expresses a small subset of genes that
allows it to persist in the host cell, while reactivation to the lytic
cycle results in expression of the full viral genome and production
of infectious virus progeny. KSHV differs from the other
oncogenic herpesviruses as both the latent and lytic cycles are
required for tumorigenesis [13,16]. Interestingly, KSHV has
recently been shown to cause DNA damage in infected cells [17].
Specifically, lytic infection of cells has been shown to directly
induce DNA double-strand breaks, a severe form of genome
instability [17]. Moreover, several reports have identified
chromosomal instability in KSHV infected cells, which have
been suggested to contribute to the neoplastic process of KSHV
[18,19]. Specifically, loss of chromosomes 14 and 21. and non-
random translocations and deletions in chromosome 3 [19–21].
Furthermore, loss of the Y chromosome in early tumour stages,
recurrent gains in chromosome 11 and further chromosomal
stages during late KSHV-associated tumour stages have been
reported [22–24]. Importantly however, there is currently no
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known mechanism that describes how KSHV lytic replication
can cause DNA double-strand breaks.
Recent evidence has suggested there may be a surprising link
between mRNA export, genome instability, and cancer develop-
ment [25]. The Transcription and Export complex (TREX) [26],
has multiple roles throughout mRNA processing including
recruitment of the nuclear export receptor, TAP, to initiate
efficient bulk mRNA export, as well as stabilisation of mRNA
during transcription [27]. Human TREX (hTREX) comprises the
DEAD-box helicase UAP56, the export adapters Aly and UIF, the
recently discovered CIP29 , PDIP3 , Chtop and ZC11A proteins,
and the multi-protein THO complex (summarised in Schumann et
al [28]). Aberrations that affect hTREX protein expression and
function have been implicated in human cancer [25,29]. For
example, the export adapter protein Aly, which functions to
recruit the hTREX complex to the mRNA, as well as the THO
component THOC1, are known to be deregulated in multiple
cancers [25,29,30]. Strikingly, there appears to be disparity not
only between different cancer types, but also between low- and
high-grade tumours. THOC1 is overexpressed in ovarian, colon
and lung cancers, but there is a loss of expression in testicular and
skin cancer [30]. Moreover, while Aly is highly expressed in
several low-grade lesions, it is undetectable in multiple high-grade
tumours of the colon, stomach, thyroid, testis and skin [30].
Furthermore, UAP56 has been identified as having a possible role
in causing chromosome instability during mitosis, where knock-
down of UAP56 leads to premature sister chromatid separation
[31]. Together, these observations highlight the importance of the
hTREX complex, not only in exporting mRNAs from the nucleus,
but also in maintaining genome integrity during transcription.
Thus, aberrations in components of hTREX can have devastating
consequences on genome stability [31]. Importantly, a body of
work, primarily performed in yeast, has highlighted a potential
mechanism for how defects in mRNA export may contribute to
genome instability [32]. Yeast THO mutants show impaired
transcription elongation and RNA export defects, as well as a high
level of transcription-associated recombination. It is thought that
an absence of THO at the 59 end of a nascent mRNA during
transcription leads to the loss of mRNA stability and the formation
of abnormal RNA:DNA hybrids known as R-loops. These R-loops
may form as the newly transcribed mRNA anneals to the template
strand of the DNA, and although a mechanism has been proposed
[33] our understanding of the processes involved is still lacking.
The KSHV open reading frame 57 (ORF57) protein is a multi-
functional protein that, like its homologues in other herpesviruses,
facilitates all stages of viral mRNA processing throughout lytic
replication [28,34–37]. Through an interaction with the KSHV
transactivator protein, Rta, ORF57 has been shown to function
co-transcriptionally promoting expression of KSHV genes [38,39].
ORF57 is also known to enhance the splicing of several viral
transcripts [40]. Moreover, through an interaction with the
cellular protein PYM, ORF57 is able to facilitate the recruitment
of the cellular pre-initiation complex and enhance the pioneer
round of viral translation [41,42]. The majority of work on
ORF57 has focused on its roles in RNA stability and mRNA
export [43]. Several recent studies have shown the importance of
ORF57 in stabilising the KSHV PAN RNA [44–46]. Importantly,
ORF57 also acts as a viral mRNA export factor and recruits the
entire hTREX complex to viral mRNA through a direct
interaction with the export adapter proteins Aly and UIF [47–
49]. The interaction with these two separate cellular export
adapter proteins allows for redundancy in the ORF57-mediated
viral mRNA export. Significantly, ORF57 has been shown to be
essential for KSHV replication [50], and ORF57-mediated
recruitment of hTREX to viral mRNA is essential for efficient
KSHV lytic replication [47].
The link between mRNA export and genome instability is
intriguing. We therefore set out to investigate whether the known
interaction between ORF57 and hTREX could have implications
for genome instability in KSHV lytically infected cells. Herein, we
demonstrate that sequestration of hTREX by the KSHV ORF57
protein is sufficient to induce genome instability, due to a
consequence of the formation of R-loops. This work highlights
the importance of viral models for our understanding of cellular
processes, and also demonstrates and confirms a novel link
between mRNA export and genome instability, a major driving
force behind tumorigenesis. Moreover, it describes a novel
mechanism to account for the DNA damage observed in lytically
active KSHV infected cells.
Results
KSHV lytic expression induces a DSB response and causes
DNA strand breaks
KSHV has been shown to induce genome instability either
through chromosome instability [18] or, more recently, through
the observation that lytic KSHV infection in BCBL-1 cells
reactivated with TPA and sodium butyrate induces the phosphor-
ylation of the double strand break marker, cH2A.x [17]. To
confirm this data in a well characterised KSHV infected cell line,
we utilised the Tet-regulated expression system T-REx with the
TREx BCBL1-Rta cell line [51]; a KSHV latently infected cell
line containing a Myc-tagged version of the viral transcriptional
activator, Rta, under the control of a doxycycline-inducible
promoter. We first used confocal fluorescence microscopy to
assess the phosphorylation of the H2A histone variant, H2A.x, as a
marker for DNA strand breaks [52]. After 24 hours, doxycycline
induced TREx BCBL1-Rta cells showed significant levels of the
phosphorylated form of H2A.x, cH2A.x compared to uninduced
cells (Figure 1A). Furthermore, we induced TREx BCBL1-Rta
cells over a 24 hour time-course and analysed cell lysates by
Author Summary
The hallmarks of cancer comprise the essential elements
that permit the formation and development of human
tumours. Genome instability is an enabling characteristic
that allows the progression of tumorigenesis through
genetic mutation and therefore, understanding the mo-
lecular causes of genome instability in all cancers is
essential for development of therapeutics. The Kaposi’s
sarcoma-associated herpesvirus (KSHV) is an important
human pathogen that causes multiple AIDS-related can-
cers. Recent studies have shown that during KSHV
infection, cells show an increase in a double-strand DNA
break marker, signifying a severe form of genome
instability. Herein, we show that KSHV infection does
cause DNA strand breaks. Moreover, we describe a novel
molecular mechanism for genome instability involving the
KSHV ORF57 protein interacting with the mRNA export
complex, hTREX. We demonstrate that over-expression of
ORF57 results in the formation of RNA:DNA hybrids, or R-
loops, that lead to an increase in genome instability. DNA
strand breaks have been previously reported in herpes
simplex, cytomegalovirus and Epstein-Barr virus infected
cells. Therefore, as this work describes for the first time the
mechanism of R-loop induced genome instability involving
a conserved herpesvirus protein, it may have far-reaching
implications for other viral RNA export factors.
KSHV ORF57 Induces Genome Instability
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western blotting. The KSHV early gene product, ORF57, can be
seen at 8 hours post-induction with increasing expression at 16
and 24 hours (Figure 1B). ORF57 is observed as a double band to
differing degrees in different cell lines due to a known caspase-7
cleavage event [53]. Interestingly, cH2A.x increases through the
same time-course concurrent with ORF57, while total levels of
H2A.x are slightly decreased. It is important to note that an
interesting recent study highlighted the importance of cH2A.x for
KSHV episome persistence [54]. This study demonstrated that
H2A.x is phosphorylated during KSHV latency, confirmed by our
western blot analysis (Figure 1B), but our data convincingly show
that this level is dramatically increased during the KSHV lytic
replication cycle.
To analyse DNA damage directly in KSHV lytically infected
cells we performed comet assays on uninduced versus induced
TREx BCBL1-Rta cells. Cells were first induced for 24 hours
allowing sufficient ORF57 expression (Figure 1C) before alkaline
comet assays were performed to assess the total level of single and
double strand DNA breaks (Figure 1D and 1E). Tail moments
were scored giving values of 3.93 for uninduced TREx BCBL1-
Rta cells versus 9.87 for induced cells indicating a significant level
of DNA strand breaks. Data were analysed using an unpaired 1-
tailed T-test to verify the statistical significance (P = 4.9261025).
Together, these data show the relevance of KSHV as a model of
genome instability and, using an inducible KSHV system, confirm
previous observations that KSHV lytic replication induces DNA
double-strand breaks.
Over-expression of KSHV ORF57 leads to genome
instability and provides a model for hTREX sequestration
To assess the effect of ORF57 expression on the cellular
proteome, and in particular on DNA repair pathways, we
undertook a stable isotope labelling by amino acids in cell culture
(SILAC) based quantitative proteomics approach [55,56]. The
Flp-In T-REx-293 system was used to create a stable KSHV
ORF57 inducible cell line, iORF57-293, with ORF57 under the
control of a tetracycline/doxycycline-inducible promoter. Unin-
duced cells were grown in heavy isotope labelled DMEM, R6K4,
while the sample to be induced was grown in label-free DMEM,
R0K0, for 6 passages to allow incorporation of the respective
isotopes. Cells grown in DMEM R0K0 were then induced for
24 hours to allow for expression of ORF57 before being
fractionated into cytoplasmic, nuclear and nucleolar fractions to
reduce sample complexity. The quality of the cellular fractions
was confirmed using specific markers to cellular proteins (Figure
S1). Protein samples were separated by SDS-PAGE and stained
with colloidal blue stain. Each protein gel lane was excised in 10
fragments, digested with trypsin and analysed by LC-MS mass
spectrometry (LTQ-Orbitrap Velos, service provided by the
University of Dundee). Quantification of peptide changes was
performed using MaxQuant [57,58] and expressed as a fold
change of endogenous proteins in induced cells compared to
uninduced cells. A 2.0-fold cutoff was chosen as a basis for
investigating potential proteome changes between data sets.
Bioinformatical analysis was performed using IPA analysis
software (Ingenuity systems) and multiple proteins were found
to be enriched upon ORF57 expression, including many
associated with DNA repair (Table S1). Of particular interest
were proteins involved in the error-prone double-strand repair
pathway, NHEJ. Analysis of cellular pathways highlighted that
the majority of the proteins involved in this repair pathway are
enriched upon ORF57 expression (Table 1). Indeed, Ku70
and Ku80 are enriched by 3.2-fold and 2.9-fold, respectively,
DNA-PK by 2.1-fold and Rad50 by 2.4-fold. This enrichment
suggests a possible activation of DSB repair upon ORF57
expression.
To demonstrate that ORF57 expression alone is sufficient to
induce chromosome instability, as has previously been reported for
KSHV infection [18], we undertook confocal fluorescence
microscopy of mitotic cells comparing uninduced versus induced
ORF57-expressing cells to look for characteristic markers of
genome instability. In the first instance we looked for the presence
or absence of chromosomal anomalies in the form of lagging
chromosomes during mitosis where chromosomes do not separate
correctly into daughter cells, an aberration that has been shown to
have links to defective hTREX [31]. This can lead to the
formation of micronuclei, a common occurrence in many tumour
cells [59]. iORF57-293 induced cells showed numerous chromo-
some abnormalities in the form of chromosome lagging (Figure 2A)
compared to uninduced cells, implying that ORF57 expression
alone has a significant effect on genome maintenance. This
observation was confirmed in HEK 293T cells either mock
transfected, transfected with an EGFP or an EGFP tagged form of
ORF57, EGFP-ORF57. Only the cells expressing EGFP-ORF57
were observed to contain chromosome lagging (Figure 2B). Of the
total cells examined, only 1 out of 22 showed chromosome lagging
in cells not expressing ORF57 compared to 6 out of 14 in cells
expressing ORF57. The importance of this observation is still to be
fully characterised, but it demonstrates the ability of ORF57 to
induce genome instability in cells. Moreover, there is an
established link between hTREX siRNA knockout and mitotic
anomalies [31] that suggests interfering with hTREX function, for
example with the over-expression of ORF57, could lead to the
formation of mitotic anomalies such as chromosome lagging.
These data together suggest that ORF57 expression is sufficient to
induce a DSB response and increase the levels of chromosome
instability in cells.
KSHV ORF57 expression alone is sufficient to elicit a DSB
response
To further confirm that ORF57 expression alone is required for
a DSB response we performed confocal fluorescence microscopy
on uninduced versus induced iORF57-293 cells and assayed
cH2A.x levels (Figure 3A). Uninduced cells showed minimal
cH2A.x staining, as would be expected of a healthy cell
population. As a positive control the topoisomerase II inhibitor
etoposide was used to treat the cells for 30 minutes at a
concentration of 50 mM leading to increased levels of cH2A.x.
Importantly, ORF57 induction also led to an increased level of
cH2A.x, confirming that ORF57 expression promotes the DSB
response. Moreover, western blot analysis of iORF57-293 cell
lysates shows an increase in cH2A.x upon ORF57 expression
when compared to uninduced cells (Figure 3B). Additional
controls confirmed that the parental cell line, 293 Flp-In, shows
low levels of cH2A.x (Figure S2). Further to this we performed
alkaline comet assays on iORF57 293 cells that had been left
uninduced or induced to express ORF57 for 16 hours (Figure 3C
and 3D). Uninduced cells had a tail moment of 1.68 compared to
3.38 for induced cells (P = 0.009) demonstrating that ORF57
expression can lead directly to DNA strand breaks.
In addition, we performed neutral comet assays to demonstrate
the presence of double strand DNA breaks in an over-expression
system using mCherry-ORF57, mCherry as a negative control and
etoposide treatment as a positive control (50 mM for 15 mintues)
(Figure 4). As the assay is reliant on transfection, the transfection
efficiency was confirmed by immunofluorescence microscopy, and
protein expression levels determined by western blot (Figure 4A
and 4B). mCherry-ORF57 expressing cells showed significant
KSHV ORF57 Induces Genome Instability
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DNA damage with a tail moment of 7.59 compared to 1.32 for
mCherry expressing cells (P = 1.5361027) (Figure 4C and 4D).
These data strongly support the conclusion that ORF57 expres-
sion leads to DNA damage.
Furthermore, western blot analysis was performed on the total
protein levels of ORF57 and Aly. iORF57-293 cells either left
uninduced or induced for 16 hours to express ORF57, 293T cells
either mock transfected or transfected for 24 hours with EGFP-
ORF57 and a HEK 293T based cell line containing the entire
KSHV genome, termed 293T rKSHV.219 [60], that was
reactivated with 20 ng/ml TPA and 1.5 mM sodium butyrate
for 36 hours showed that the relative levels of Aly remain relatively
Figure 1. KSHV lytic reactivation induces the double strand break response, and the formation of DNA breaks. (A), TREx BCBL Rta cells
remained unreactivated or were reactivated for 24 hours and fixed for immunofluorescence. Cells were then stained using a monoclonal antibody to
ORF57 to show reactivation and a monoclonal antibody to cH2A.x to show sites of DNA damage. (B) A time-course of protein expression in
reactivated TREx BCBL Rta cells over 0, 8, 16 and 24 hours post induction. A monoclonal antibody to GAPDH was used to show equal loading, and
monoclonal antibodies to Myc for Rta and to ORF57 were used to show KSHV reactivation. To demonstrate DNA damage, a polyclonal antibody was
used to show total levels of H2A.x and a monoclonal antibody for the phosphorylated form, cH2A.x. (C) For comet assays, TREx BCBL Rta cells were
reactivated for 24 hours and reactivation assessed by western blot using monoclonal antibodies to Myc for Rta and to ORF57. A monoclonal antibody
to GAPDH was also used to show equal loading. (D). Comet assays were performed and scored using CometScore and tail moments calculated (E); n-
and P-values are represented in the figure and error bars show the standard error from the mean.
doi:10.1371/journal.ppat.1004098.g001
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unchanged upon ORF57 expression (Figure S3). There is a slight
increase in Aly expression in iORF57-293 cells upon induction of
ORF57 which could be explained by a compensatory effect by the
cells due to the sequestration of hTREX away from cellular
transcription. Moreover, we endeavoured to investigate the effect
that ORF57 over-expression has on cellular nuclear export of
polyadanylated mRNA as it seems likely that ORF57 recruitment
of hTREX would mirror a hTREX knockdown (Figure S4). To
this end we performed fluorescence in situ hybridisation (FISH)
experiments on 293T cells either mock transfected, transfected
with EGFP or transfected with EGFP-ORF57. Importantly, no
effect was observed on polyadenylated mRNA in mock transfected
or EGFP transfected cells. However, EGFP-ORF57 over-expres-
sion had a marked impact on the subcellular localisation of
polyadenlyated mRNA with a large proportion retained in the
nucleus. Interestingly, the retained polyadenylated mRNA does
not co-localise completely with ORF57, suggesting that it is not
ORF57 directly that is retaining the cellular mRNA. This data
shows convincingly that ORF57 binding to hTREX mimics a
hTREX knockdown and causes a block to bulk cellular mRNA
export.
Sequestration of hTREX by the KSHV ORF57 protein leads
to R-loop formation and genome instability
We have previously shown that ORF57 recruits the entire
hTREX complex [4,47,61]. Taking into account the link between
hTREX aberrations and genome instability, we hypothesised that
the DSB response observed upon ORF57 expression could be due
to the interaction between ORF57 and hTREX. To test this
hypothesis we undertook a series of comet assays in HEK 293T
cells expressing ORF57. Initially, we tested whether ORF57
expression alone led to an increase in single and double strand
breaks using alkaline comet assays. Cells were either transfected
with a construct expressing mCherry, or an mCherry tagged
ORF57 (mCherry-ORF57), as well as untransfected cells treated
with etoposide (50 mM for 15 minutes) as a positive control.
Table 1. SILAC analysis demonstrates the induction of double
strand breaks in ORF57 expressing cells.
Protein UniProt number Fold increase Number of peptide hits
RAD50 Q92878 2.44 49
DNA-PK P78527 2.13 228
KU70 P12956 3.23 38
KU80 P13010 2.90 42
PARP1 P09874 2.83 65
XRCC1 P18887 2.68 11
DNA ligase 3 P49916 2.34 22
MRE11 B3KTC7 2.77 14
Fold-increases of proteins involved in NHEJ upon ORF57 expression are
presented along with the number of peptide hits for each protein. UniProt
numbers are shown for reference.
doi:10.1371/journal.ppat.1004098.t001
Figure 2. Chromosome instability in ORF57 expressing cells. (A) iORF57 293 cells remained uninduced or induced for 24 hours, then fixed on
coverslips and DNA-stained with DAPI. Confocal microscopy was used to identify and image mitotic cells. Three representative images are shown for
uninduced and induced cells and merged images include the phase contrast image. Chromosome lagging in the induced samples is highlighted by
white arrows. (B) HEK 293T cells mock transfected or transfected with EGFP or EGFP-ORF57 were fixed onto coverslips and stained with DAPI for
imaging of mitotic cells. Chromosome lagging in the EGFP-ORF57 expressing cell is highlighted by a white arrow.
doi:10.1371/journal.ppat.1004098.g002
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Western blot analysis shows exogenous protein expression
(Figure 5A) and fluorescence microscopy images are provided to
show the high level of transfection efficiency (Figure 5B(i)).
Alkaline comet assays were performed to determine the level of
total single and double strand breaks (Figure 5B). Cells transfected
with mCherry showed minimal levels of DNA damage with a tail
Figure 3. ORF57 expression induces the DNA damage response through phosphorylation of H2A.x. (A) iORF57 293 cells were either
uninduced, treated with 50 mM etoposide for 30 minutes to induce DSBs, or induced to express ORF57, fixed on coverslips and visualised by confocal
microscopy. A polyclonal antibody against Flag was used to detect ORF57 and a monoclonal antibody against cH2A.x was used to demonstrate cells
with DSBs. (B) iORF57 293 cells were either uninduced, treated with 50 mM etoposide for 30 minutes, or induced for 48 hours. Cell lysates were
collected and western blots performed to analyse protein levels. A monoclonal antibody to GAPDH was used to show equal loading, a polyclonal
antibody to Flag to show ORF57 expression and a monoclonal antibody to cH2A.x to demonstrate DSBs. (C) iORF57 293 cells were either uninduced
or induced for 48 hours and alkaline comet assays were performed. (D) Comets were scored using CometScore and tail moments calculated. n- and
P-values are represented in the figure and error bars show the standard error from the mean.
doi:10.1371/journal.ppat.1004098.g003
KSHV ORF57 Induces Genome Instability
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moment of 1.78, compared to 33.27 for etoposide treated cells
(P = 3.81610237, unpaired 1-tailed T-tests were used for this and
all subsequent statistical analyses). Notably, cells expressing
mCherry-ORF57 also showed significant DNA damage with a
tail moment of 10.35 (P = 2.3761027 when compared to mCherry
transfected cells). These findings are consistent with our previous
observations that ORF57 expression induces a DSB response and
causes DNA damage and genome instability.
The loss of hTREX function has previously been shown to lead
to the formation of R-loops in both yeast and siRNA knockdown
in human cells [33,62]. We hypothesise that ORF57 sequestration
of hTREX away from cellular transcription to sites of viral
transcription could lead to a loss of cellular mRNA stability and
the formation of R-loops. To determine this, we utilised a
technique shown previously to confirm the presence of R-loops
that involves the over-expression of RNaseH and activation-
induced cytidine deaminase (AID). The principle being that an R-
loop consists of an RNA:DNA hybrid and that overexpression of
an RNaseH enzyme in a system containing R-loops will lead to
the degradation of the RNA component allowing resolution of the
R-loop and a reduction in DNA damage [63]. Alternatively,
overexpression of AID can lead to a state of hypermutation [64]
whereby the single-stranded DNA present in an R-loop is
subjected to increased deamination that would lead to an increase
in the level of observed DNA damage. HEK 293T cells were again
transfected with mCherry-ORF57 along with either EGFP-
RNaseH1 or pMSCVgfp::AID (Figure 5C(i)). The cells expressing
mCherry-ORF57 and pMSCVgfp::AID showed significant in-
crease in DNA damage with a tail moment of 14.72
(P = 2.72610213 compared to mCherry expressing cells and
P = 0.019 compared to mCherry-ORF57 expressing cells)
(Figure 5C). This significant increase demonstrates that in cells
expressing ORF57 there is single stranded DNA present,
indicative of R-loops. Moreover, cells expressing mCherry-
ORF57 and EGFP-RNaseH1 had a tail moment of 5.81 and
showed a significant decrease in the level of DNA damage when
compared to mCherry-ORF57 expression alone (P = 0.006)
(Figure 5C), indicating the presence of RNA:DNA hybrids.
Importantly, together these data confirm that ORF57 induces
the formation of R-loops.
Figure 4. ORF57 induces double strand breaks in a neutral comet assay. Neutral comet assays were performed to assess double-strand
breaks. (A) Cells were either treated with 50 mM etoposide for 15 minutes as a positive control, transfected with mCherry, or transfected with
mCherry-ORF57 and analysed by fluorescence microscopy to assess transfection efficiency. (B) Protein expression was assessed by western blot using
a monoclonal antibody to GAPDH as a loading control and polyclonal antibody to RFP to detect mCherry and mCherry-ORF57 expression. (C) Comets
were performed and scored using CometScore and (D) tail moments calculated. N- and p- values are shown and error bars represent the standard
error from the mean.
doi:10.1371/journal.ppat.1004098.g004
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Finally, to confirm that R-loop formation in the presence of
ORF57 is a consequence of ORF57 sequestering hTREX away
from cellular transcription and to sites of viral transcription, we
first transfected HEK 293T cells with an ORF57 mutant,
ORF57pmut, which has previously been shown to be unable to
interact with Aly and recruit the remainder of the hTREX
complex (Figure 5D(i)) [49]. If indeed ORF57 does induce R-loops
and the subsequent genome instability is due to sequestration of
hTREX this mutant should show a reduction in DNA damage.
Expression of ORF57pmut produced a tail moment of 5.46,
significantly lower than expression of mCherry-ORF57 (P = 0.002)
(Figure 5D). It should be noted that although this mutant is unable
to recruit hTREX via Aly the inherent redundancy within
hTREX means that UIF could be recruited, albeit at a slightly
lower level. This could explain the observation that there is still a
level of DNA damage in ORF57pmut expressing cells. To further
investigate this sequestration mechanism, we co-transfected HEK
293T cells with constructs expressing mCherry-ORF57 as well as a
Myc-tagged Aly construct (Figure 5D(i)). Myc-Aly in this system
should function as a molecular sponge and prevent ORF57 from
sequestering all of the endogenous hTREX proteins, thereby
reducing the level of DNA damage observed. Strikingly, Myc-Aly
overexpression did reduce the tail moment to 4.31
(P = 2.2661024). Further controls were performed on cells
transfected with pMSCVgfp::AID alone, or transfected with
EGFP-RNaseH1 alone, and show no significant increase in tail
moment compared to mock transfected cells (Figure S5). Taken
together, these results suggest that sequestration of hTREX by
ORF57 results in the observed genome instability due to of R-loop
formation.
DNA double strand breaks in KSHV infected cells can be
attributed to R-loop formation and hTREX sequestration
To examine whether our hypothesis of hTREX sequestration
by ORF57 away from cellular transcription to sites of viral
transcription leads to R-loop formation during KSHV infection
we utilised the HEK 293T based cell line containing the entire
KSHV genome, 293T rKSHV.219. We performed a series of
alkaline comet assay experiments to determine the levels of DNA
strand breaks comparing KSHV latent and reactivated cells
(Figure 6). Unreactivated cells showed a tail moment of 0.43,
whilst after being reactivated using 20 ng/ml TPA and 1.5 mM
sodium butyrate for 36 hours cells showed a significant increase in
the tail moment to 5.49 (P = 6.1861029) demonstrating a level of
DNA strand breaks. This confirms our previous observations in
TREx BCBL-Rta cells showing that KSHV lytic replication
directly causes DNA damage. To determine whether the observed
DNA damage could be attributed, at least in part, to R-loop
formation we again utilised a construct expressing EGFP-
RNaseH1 and transfected it into the 293T rKSHV.219 cells
8 hours prior to reactivation. Importantly, there was a significant
decrease in the tail moment when compared to the reactivated
cells without EGFP-RNaseH1 over-expression down to 1.42
(P = 4.3161026). This demonstrates that the DNA strand breaks
in KSHV lytically replicating cells are as a result of the formation
of R-loops. Moreover, to demonstrate that the R-loop formation is
as a result of ORF57 sequestering hTREX away from cellular
transcription to sites of viral transcription we transfected Myc-Aly
into the 293T rKSHV.219 cells. As was observed in the ORF57
over-expression system this again dramatically and significantly
reduced the tail moment to 2.06 (P = 1.2461024 when compared
to reactivated 293T rKSHV.219 cells) indicating that hTREX
sequestration by ORF57 is the cause of R-loop formation and
DNA strand breaks in lytically active KSHV infected cells.
The ORF57 homologue of herpes simplex virus type-1,
ICP27, shows a similar effect on genome instability
It follows that if ORF57 is capable of recruiting hTREX in such
a way as to mimic hTREX knockdown leading to R-loops and
genome instability, that other herpesvirus homologues of ORF57
that interact with hTREX could function in a similar way. We
therefore decided to investigate whether the ORF57 homologue of
HSV-1, ICP27, was sufficient to elicit a similar response. We chose
ICP27 as a DNA damage response has been observed in HSV-1
infected cells and ICP27 is known to interact with hTREX via a
direct interaction with Aly [65,66]. Moreover, mutant proteins are
available which abolish the ICP27-Aly interaction [67]. Alkaline
comet assays were again performed on 293T cells transfected with
EGFP-ICP27 (Figure 7). Cells expressing EGFP-ICP27 showed a
tail moment of 10.71 compared to 3.50 for EGFP transfected cells
(P = 3.3261026), demonstrating that ICP27 is indeed sufficient to
induce a significant amount of DNA strand breaks. To assess
whether the observed DNA damage is a consequence of R-loop
formation cells were co-transfected with EGFP-ICP27 along with
either pMSCVgfp::AID or EGFP-RNaseH1. AID expression led
to an increase in the tail moment to 13.62, although not significant
(P = 0.259) whereas RHaseN1 expression significantly decreased
the tail moment to 2.45 (P = 5.4261028), indicating that, similar to
KSHV ORF57, HSV-1 ICP27 causes DNA damage via R-loop
formation. To further characterise the mechanism we either co-
transfected EGFP-ICP27 along with Myc-Aly or transfected a
mutant of ICP27 which fails to interact with Aly, known as EGFP-
ICP27WRL [65,67]. Again, as expected, both showed reduced tail
moments when compared to EGFP-ICP27 alone (4.03 and 3.90
respectively, with P-values of 1.7461025 and 9.1761026)
suggesting that the R-loop formation is as a result of ICP27
recruiting hTREX away from cellular transcription.
Discussion
The role of hTREX in genome stability and cancer is an
important emerging field [25,29]. As we have previously shown,
the KSHV ORF57 protein interacts directly with hTREX [47,68].
Moreover, KSHV is known to induce DNA double-strand breaks
Figure 5. ORF57-induced double strand breaks are the result of R-loop formation and sequestration of hTREX. (A) Alkaline comet
assays were performed on HEK 293T cells and protein levels for each assay were assessed by western blot using a monoclonal antibody to GAPDH as
a loading control; monoclonal antibody to Myc for Myc-Aly; monoclonal antibody to GFP for ORF57pMut, EGFP-RNaseH1 and EGFP-AID; polyclonal
antibody to RFP for mCherry and mCherry-ORF57. (B) Cells were transfected with mCherry or mCherry-ORF57, or treated with 50 mM etoposide for
30 minutes as a positive control, visualised by fluorescence microscopy to confirm transfection efficiency (i); comet assays performed and scored
using CometScore (ii); and tail moments calculated (iii). (C) To demonstrate R-loop formation, cells were co-transfected with mCherry-ORF57 and
either pMSCVgfp::AID or pEGFP-RNH, visualised by fluorescence microscopy to confirm transfection efficiency (i); comet assays performed and scored
using CometScore (ii); and tail moments calculated (iii). (D)To demonstrate sequestration of hTREX by ORF57 as the cause of R-loop formation, cells
were either transfected with pEGFP-57pmut or co-transfected with mCherry-ORF57 and Myc-Aly visualised by fluorescence microscopy to confirm
transfection efficiency (i); comet assays performed and scored using CometScore (ii); and tail moments calculated (iii). n- and P-values are
represented for all data in the figure and error bars show the standard error from the mean.
doi:10.1371/journal.ppat.1004098.g005
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during lytic replication, although no mechanism has been
previously described [17,49]. Therefore, we set out to investigate
what effect sequestration of hTREX by KSHV ORF57 would
have upon R-loop formation and genome instability, and whether
this would describe a mechanism by which KSHV could induce
DNA strand-breaks. The data presented here convincingly show
that using the KSHV mRNA export factor, ORF57, we can
accurately replicate a system deficient in hTREX and that this lack
of hTREX does lead to R-loop-mediated genome instability in
KSHV infected cells. Our model proposes that aberrant hTREX
levels, sequestered by ORF57, leads to the formation of R-loops,
which in turn increases the number of DNA DSBs and the rate of
mutation. This model explains for the first time a possible novel
mechanism of lytic KSHV induced DNA double-strand breaks
(Figure 8). We suggest that this model could also describe a
possible driving force behind KSHV tumorigenesis as several
studies have shown significant defects in proteins involved in
mRNA processing in numerous cancers [25,29,30]. Importantly,
the observed decrease in DNA damage in 293T rKSHV.219 cells
when either Aly or RNaseH1 are over-expressed demonstrates
that this model is viable in the context of a KSHV infection. The
complex nature of lytic replication in KSHV makes it difficult to
confirm that all observed DNA damage is as a result of ORF57-
induced R-loops as other studies have shown a DNA damage
response caused by other KSHV proteins, for example v-cyclin
[69] and LANA [54,70]. However, our data present compelling
evidence that R-loop formation as a result of ORF57 sequestration
of hTREX away from cellular transcription to sites of viral
transcription could have a significant impact on genome instability
in KSHV infected cells. An additional consideration is how the
induction of DNA damage during the early stages of KSHV lytic
replication could lead to mutations in progeny cells during cancer
development. It is established that early events in primary KSHV
Figure 6. Lytically replicating KSHV cells demonstrate the
presence of R-loops. (A) 293T rKSHV.219 cells were left either
unreactivated, or reactivated for 36 hours and transfected with Myc-Aly
or EGFP-RNaseH1 and alkaline comet assays were performed. (B) Comet
tails were scored using CometScore and n- and P-values are
represented for all data and error bars show the standard error from
the mean.
doi:10.1371/journal.ppat.1004098.g006
Figure 7. HSV-1 ICP27 induces R-loop mediated DNA damage
due to hTREX recruitment. (A) HEK 293T cells were transfected with
EGFP, EGFP-ICP27, EGFP-ICP27WRL or a dual transfections of EGFP-
ICP27 along with Myc-Aly, EGFP-RNaseH1 or pMSCVgfp::AID for
24 hours alkaline comet assays were performed. (B) Comet tails were
scored using CometScore and n- and P-values are represented for all
data and error bars show the standard error from the mean.
doi:10.1371/journal.ppat.1004098.g007
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infection of target cells involves the expression of a subset of lytic
and latent viral genes prior to the establishment of latency [71].
This includes genes that require the activity of ORF57 for their
expression, including K8, K8.1 and ORF59 [72,73]. It seems
likely then that expression of ORF57 during de novo infection prior
to the onset of latency could give rise to a background level of
genome instability in infected cells, as has been suggested
previously [17].
Interestingly, recent data suggests that KSHV lytic replica-
tion leads to genome instability, although no underlying
mechanism was described [17]. This is in addition to
observations of chromosomal abnormalities in KSHV infected
cells and KSHV-associated tumours [18–24]. Furthermore, it
has been suggested that the DNA damage checkpoint response
could function as an anticancer barrier in KSHV infected cells,
as KSHV v-cyclin expression leads to a DNA damage response
[69]. Importantly, other herpesviruses are also known to lead
to a DSB response [74–76]. This could have significant
implications, as all herpesviruses encode an ORF57 homo-
logue that interacts with the cellular mRNA export machinery
[65,67,77–79]. However, not all herpesviruses are associated
with cancer development. Therefore, the R-loop induced DNA
damage could be a side-effect of virus replication, although
with persistent infections where lytic replication plays a role in
tumourigenesis, as is the case with KSHV, this could be an
important driving force behind mutation and cancer develop-
ment. Alternatively, the DNA damage observed in this study
caused by ICP27 during HSV-1 lytic replication may have less
impact during the viral cycle where persistent infection is not
linked to tumourigenesis.
Interestingly, the genome instability caused by the formation of
R-loops by ORF57-mediated sequestration of hTREX does not
fully explain the observation that ORF57 can induce chromosome
instability in the form of chromosome lagging. This observation is,
however, intimately linked to the sequestration of hTREX.
Depletion of UAP56, as well as other components of hTREX,
by siRNA knockdown has been shown to lead to a large increase
in chromosomal instability [31]. Loss of UAP56 is shown to lead to
premature sister chromatid separation which is known to be a
cause of micronuclei formation [80]. This could have significant
implications for cells deficient in UAP56 and hTREX because of
the strong link between micronuclei formation, genome instability
and cancer [7,81]. Importantly, both chromosome lagging and
micronuclei formation have been reported previously in KSHV
infected cells [18]. Therefore, loss of functional hTREX due to
sequestration by KSHV ORF57 may cause genome instability
through multiple mechanisms including the induction of R-loops
as presented here, but also through aberrations in mitosis that can
lead to micronuclei formation, work that is currently being
investigated in our laboratory.
In summary, our data sheds new light on the mechanism of R-
loop induced genome instability in the oncogenic herpesvirus,
KSHV. We have demonstrated that sequestration of hTREX to
sites of viral transcription by the KSHV ORF57 protein leads to
severe DNA damage, and that R-loop formation is the cause of
this genetic instability. We have shown the importance of the
hTREX complex in maintaining genome instability in KSHV
infected cells, and that loss of function could be a significant cause
of double strand breaks. Importantly, when combined with data
that shows loss of hTREX components in multiple cancers this
model could be an important mechanism of DNA damage during
tumorigenesis. Our work highlights a novel mechanism by which
KSHV can induce genome instability in infected cells, an enabling
characteristic of the hallmarks of cancer. It also demonstrates the
importance of further understanding the complex links between
mRNA processing and genome instability and the roles that
mRNA processing factors have in cancer formation and progres-
sion.
Materials and Methods
Reagents and cell lines
pmCherry-N1, pEGFP-C1 and pEGFP-N1 were obtained from
Clontech. pmCherry-ORF57 was cloned into pmCherry-N1, and
pEGFP-ORF57 and pORF57pmut were cloned into pEGFP-N1,
all described previously [47,49,61]. pMSCVgfp::AID contains full-
length human AID and was obtained from Addgene (Addgene
plasmid 15925) [64]. pEGFP-RNH contains full-length human
RNAse H1 gene and was a kind gift from Dr Anneloor ten
Asbroek [82]. EGFP-ICP27 contains the ICP27 gene from HSV-1
in the pEGFP-N1 vector, and the EGFP-ICP27 WRL mutant
contains ICP27 with the point mutations W105A R107A L108A
[67]. Etoposide was purchased from Cambridge Bioscience and
cell treatments were as described in the text.
Figure 8. Model of how sequestration of hTREX by ORF57 leads
to R-loops and genome instability. In a healthy cell, components of
hTREX are recruited to cellular pre-mRNA during the inter-linked
processes of transcription and splicing. These components then act to
stabilise the newly transcribed mRNA. In situations when hTREX is
rendered non-functional through mutation or siRNA, the newly
transcribed mRNA can become unstable and anneal to the template
strand of DNA forming R-loops and leading to an increase in DNA
strand breaks. During KSHV infection or exogenous ORF57 expression,
ORF57 recruits the hTREX complex, essentially replicating a system of
mutated hTREX and leading to an increase in genome instability.
doi:10.1371/journal.ppat.1004098.g008
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For the inducible iORF57-293 cell line, ORF57 was cloned into
pcDNA5/FRT/TO and produced using the Flp-In T-REx system
(Life Technologies) following the manufacturer’s instructions and
as previously described [83]. Both the Flp-In T-REx parental cell
line and the iORF57-293 cell line were grown in DMEM
supplemented with 10% v/v foetal bovine serum and penicillin/
streptomycin (Lonza). The TREx BCBL Rta cell line was provided
by Professor Jae Jung [51] and grown in RPMI supplemented with
10% foetal bovine serum and penicillin/streptomycin. Both cell
lines were kept under hygromycin B selection at a concentration of
100 mg/ml, and inductions of both cell lines were performed using
2 mg/ml doxycyclin. The HEK-293T cell line was obtained from
the Health Protection Agency Culture Collection and grown in
DMEM supplemented with 10% foetal bovine serum and
penicillin/streptomycin. The 293 rKSHV.219 cells are a 293T
cell line containing a recombinant bacterial artificial chromosome
harbouring the KSHV genome [60]. Cells were frown in DMEM
supplemented with 10% foetal bovine serum and penicillin/
streptomycin. Transfections were performed using Lipofectamine
2000 (Life Technologies), as previously described [84].
The monoclonal antibodies to GAPDH and fibrillarin and the
polyclonal antibodies to RFP and lamin B1 were purchased from
Abcam and used at 1:5000, 1:1000, 1:1000 and 1:2500,
respectively. The monoclonal antibodies to Myc and Flag and
the polyclonal antibody to Flag were from Sigma and were used at
1:2500, 1:1000 and 1:1000, respectively for western blotting.
Polyclonal Flag was used at 1:250 for immunofluorescence.
Monoclonal ORF57 antibody was obtained from Santa Cruz
and used at 1:1000 for western blotting and 1:100 for immuno-
fluorescence, and the monoclonal antibody to cH2A.x and
polyclonal antibody to H2A.x were from BioLegend and used at
1:2500 and 1:1000, respectively for western blotting. Monoclonal
cH2A.x was used at 1:100 for immunofluorescence. Secondary
antibodies for western blotting were HRP-conjugated polyclonal
goat anti-mouse and polyclonal goat anti-rabbit supplied by Dako.
Fluorescently-conjugated secondary antibodies were all obtained
from Life Technologies and used at 1:500: monoclonal Alexa
Fluor 488, monoclonal Alexa Fluor 546, polyclonal Alexa Fluor
546 and polyclonal Alexa Fluor 546.
Western blotting
Western blots were performed as previously described [85].
Briefly, protein samples were run on 10–12% polyacrylamide gels
and transferred to nitrocellulose membranes via semi-dry blotting.
Membranes were blocked with TBS + 0.1% v/v Tween 20 and
5% w/v dried skimmed milk powder. Membranes were probed
with relevant primary and secondary antibodies, treated with EZ-
ECL (Geneflow), and exposed to Amersham hyperfilm ECL (GE
Healthcare).
SILAC proteomics
Full details of the SILAC proteomics methods can be found in
supplementary information (Text S1). The pathway analysis was
performed with the Ingenuity Systems software packet, IPA 9.0
(Ingenuity Systems, Inc).
Comet assays
Comet assays were performed using the CometAssay ES II
system (Trevigen) and performed to the manufacturer’s instruc-
tions. In brief, cells were transfected as necessary and grown for
48 hours before being harvested and kept on ice in PBS. Cells
were counted and diluted to 16105/ml in PBS and mixed with low
melting point agarose at 37uC at a ratio of 10:1, agarose:cells.
50 ml of the cell/agarose suspension was spread onto a 2-well
CometSlide and allowed to set before being placed in lysis solution
at 4uC for 1–2 hours in the dark. For the alkaline assay, slides were
then immersed in alkaline unwinding solution for 20 minutes at
room temperature. Electrophoresis was performed in a Come-
tAssay ES II unit in alkaline electrophoresis buffer for 30 minutes
at 21 V and subsequently washed twice in water and once in
ethanol for 5 minutes each before being dried at 37uC. For the
neutral assay, after lysis slides were incubated in neutral
electrophoresis buffer for 30 minutes at 4uC. Electrophoresis was
performed in a CometAssay ES II unit in neutral electrophoresis
buffer for 45 minutes at 21 V. Slides were then incubated in DNA
precipitation buffer for 30 minutes at room temperature followed
by 30 minutes in 70% ethanol at room temperature before being
dried at 37uC. For both neutral and alkaline assays, slides were
then stained with SYBR Gold for 30 minutes and subsequently
imaged on a Zeiss LSM 700 laser scanning confocal microscope.
Images were exported from Zen 2011 and comets were scored
using TriTek CometScore.
Microscopy
Cell fixation and staining was performed as previously described
[86,87]. Briefly, cells were grown on sterilised glass coverslips and
either transfected or induced. After a specified time cells were
washed in PBS and fixed in PBS containing 4% v/v paraformal-
dehyde for 10 minutes, washed further in PBS and permeabilised
using PBS containing 1% Triton X-100 for 10 minutes. Coverslips
were then incubated with appropriate primary and secondary
antibodies for 1 hour each at 37uC before being mounted onto
microscope slides using Vectashield with DAPI. Slides were
visualised on a Zeiss LSM 700 laser scanning confocal microscope
and images analysed using Zen 2011 (Zeiss). For analysis of cell
transfection by fluorescence microscopy, cells were visualised using
a Leica DC 300F fluorescence microscope.
Flow cytometry
Cells were either untreated or treated with 50 mM etoposide for
30 minutes at 37uC immediately prior to fixation. Cells were fixes
in PBS containing 1% paraformaldehyde for 5 minutes at room
temperature and washed twice in PBS. Cells (26106 cells/ml) were
permeabilised in 16 permeabilisation buffer (PBS with 1.25 mM
EDTA, 2% foetal calf serum, 0.5% Triton X-100) for 20 minutes
on ice before being incubated on ice for 1 hour with primary
antibody. Cells were washed in PBS for 10 minutes before being
incubated in secondary antibody for 1 hour on ice and washed
again for 10 minutes in PBS. Fluorescence was measured using the
288 nm laser of a Becton Dickson BD-LSRFortessa flow
cytometer and the proportion of fluorescent cells was calculated
using the DiVa 6 software, as previously described [88].
Fluorescence in situ hybridisation
To detect polyadenylated RNA, an HPLC-purified oligo dT(70)
probe labelled at the 59 end with Alexa Fluor 546 NHS Ester was
used. 293T cells were attached to coverslips coated with poly-L-
lysine and transfected for 24 hours before being washed once with
PBS and fixed for 10 minutes in PBS with 4% paraformaldehyde,
washed three times in PBS, permeabilised in PBS with 0.5%
Triton X-100 for 5 minutes, washed twice more with PBS and
once with 26 SSC for 10 minutes, all at room temperature. The
oligo dT(70) probe was then added at 1 ng/ml in ULTRAbyb-
oligo hybridisation buffer (Ambion) for 16 hours at 42uC. Cells
were washed for 15 minutes each, twice with 26SSC, once with
16 SSC and once with PBS all at room temperature. Coverslips
were mounted onto microscope slides using Vectashield with
KSHV ORF57 Induces Genome Instability
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DAPI. Slides were visualised on a Zeiss LSM 700 laser scanning
confocal microscope and images analysed using Zen 2011 (Zeiss).
Supporting Information
Figure S1 Preparation of samples for SILAC analysis.
iORF57-293 cells were grown in DMEM R0K0 and induced for
24 hours, or grown in DMEM R6K4 and uninduced. (A) Cells
were fractionated to allow for analysis of the whole cell proteome
in different cellular compartments. (B) Cell lysates were analysed
by western blotting using an antibody against FLAG to detect
ORF57 expression. Fractionation was confirmed using monoclo-
nal antibodies to endogenous GAPDH and fibrillarin, and
polyclonal antibody to lamin B1.
(TIF)
Figure S2 293 Flp-In cells show cH2A.x foci upon
treatment with etoposide. (A) 293 Flp-In cells were grown
on poly-L-lysine coated coverslips and left either untreated or
treated with 50 mM etoposide for 30 minutes. A monoclonal
antibody against cH2A.x and secondary monoclonal Alexa Fluor
546 was used to demonstrate cells with DSBs, which were
visualised using confocal microscopy. (B) 293 Flp-In cells were left
either untreated or treated with 50 mM etoposide for 30 minutes.
Cells were then fixed and treated with a monoclonal antibody
against cH2A.x and secondary monoclonal Alexa Fluor 546 and
were analysed by flow cytometry to demonstrate the number of
cells with cH2A.x in untreated (i) or treated with etoposide (ii)
conditions.
(TIF)
Figure S3 Protein levels of ORF57 and Aly in iORF57-
293 cells, transfected HEK 293T cells and 293T
rKSHV.219 cells. (A) iORF57-293 cells were either left
uninduced or induced for 16 hours and cells were harvested and
lysed. (B) HEK 293T cells were either mock transfected or
transfected with EGFP-ORF57 for 24 hours and cells harvested
and lysed. (C) 293T rKSHV.219 cells were either left unreacti-
vated or reactivated using 20 ng/ml TPA and 1.5 mM sodium
butyrate for 36 hours, cells harvested and lysed. Western blotting
was carried out on all samples to look at protein levels using
monoclonal antibodies to ORF57, GAPDH and Aly.
(TIF)
Figure S4 FISH analysis of polyadenylated RNA in cells
expressing EGFP-ORF57 shows a retention of cellular
mRNA. HEK 293T cells were either mock transfected,
transfected with EGFP or transfected with EGFP-ORF57. FISH
analysis was performed with an oligo dT(70) probe to detect
polyadenylated RNA and confocal microscopy performed to
visualise cells. Merged images show the red and green channels
only for polyadenylated RNA and EGFP.
(TIF)
Figure S5 Comet assays of cells mock transfected,
transfected with pMSCVgfp::AID or transfected with
EGFP-RNaseH1. (A) HEK 293T cells were either mock
transfected or transfected with pMSCVgfp::AID or EGFP-
RNaseH1 for 24 hours and alkaline comet assays were performed.
(B) Comet tails were scored using CometScore and n- and P-values
are represented for all data and error bars show the standard error
from the mean.
(TIF)
Table S1 The five top pathway hits from SILAC analysis
of iORF57-293 cells. Fold-increases of proteins from the top
pathway hits when using the Ingenuity Systems software packet,
IPA 9.0 (Ingenuity Systems, Inc.).
(PDF)
Text S1 SILAC proteomics materials and methods.
(PDF)
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Oncogene–Induced DNA Damage Response Is Activated in Kaposi Sarcoma
Tumorigenesis. PLoS Pathog 3: e140.
70. Singh VV, Dutta D, Ansari MA, Dutta S, Chandran B (2014) Kaposi’s
Sarcoma-Associated Herpesvirus Induces the ATM and H2AX DNA Damage
Response Early during De Novo Infection of Primary Endothelial Cells, Which
Play Roles in Latency Establishment. J Virol 88: 2821–2834.
71. Chandran B (2010) Early Events in Kaposi’s Sarcoma-Associated Herpesvirus
Infection of Target Cells. J Virol 84: 2188–2199.
72. Majerciak V, Pripuzova N, McCoy JP, Gao SJ, Zheng ZM (2007) Targeted
disruption of Kaposi’s sarcoma-associated herpesvirus ORF57 in the viral
genome is detrimental for the expression of ORF59, K8alpha, and K8.1 and the
production of infectious virus. J Virol 81: 1062–1071.
73. Krishnan HH, Naranatt PP, Smith MS, Zeng L, Bloomer C, et al. (2004)
Concurrent Expression of Latent and a Limited Number of Lytic Genes with
Immune Modulation and Antiapoptotic Function by Kaposi’s Sarcoma-
Associated Herpesvirus Early during Infection of Primary Endothelial and
Fibroblast Cells and Subsequent Decline of Lytic Gene Expression. J Virol 78:
3601–3620.
74. Shirata N, Kudoh A, Daikoku T, Tatsumi Y, Fujita M, et al. (2005) Activation of
Ataxia Telangiectasia-mutated DNA Damage Checkpoint Signal Transduction
Elicited by Herpes Simplex Virus Infection. J Biol Chem 280: 30336–30341.
75. Kudoh A, Fujita M, Zhang L, Shirata N, Daikoku T, et al. (2005) Epstein-Barr
Virus Lytic Replication Elicits ATM Checkpoint Signal Transduction While
Providing an S-phase-like Cellular Environment. J Biol Chem 280: 8156–8163.
KSHV ORF57 Induces Genome Instability
PLOS Pathogens | www.plospathogens.org 14 May 2014 | Volume 10 | Issue 5 | e1004098
76. Gaspar M, Shenk T (2006) Human cytomegalovirus inhibits a DNA damage
response by mislocalizing checkpoint proteins. Proc Natl Acad Sci U S A 103:
2821–2826.
77. Lischka P, Toth Z, Thomas M, Mueller R, Stamminger T (2006) The UL69
Transactivator Protein of Human Cytomegalovirus Interacts with DEXD/H-
Box RNA Helicase UAP56 To Promote Cytoplasmic Accumulation of
Unspliced RNA. Mol Cell Biol 26: 1631–1643.
78. Hiriart E, Farjot G, Gruffat H, Nguyen MVC, Sergeant A, et al. (2003) A Novel
Nuclear Export Signal and a REF Interaction Domain Both Promote mRNA
Export by the Epstein-Barr Virus EB2 Protein. J Biol Chem 278: 335–342.
79. Boyne JR, Colgan KJ, Whitehouse A (2008) Herpesvirus saimiri ORF57: a post-
transcriptional regulatory protein. Front Biosci 13: 2928–2938.
80. Rao CV, Yang Y-M, Swamy MV, Liu T, Fang Y, et al. (2005) Colonic
tumorigenesis in BubR1+/–ApcMin/+ compound mutant mice is linked to
premature separation of sister chromatids and enhanced genomic instability.
Proc Natl Acad Sci U S A 102: 4365–4370.
81. Hatch E M, Fischer A H, Deerinck T J, Hetzer M W (2013) Catastrophic
Nuclear Envelope Collapse in Cancer Cell Micronuclei. Cell 154: 47–60.
82. ten Asbroek ALMA, van Groenigen M, Nooij M, Baas F (2002) The
involvement of human ribonucleases H1 and H2 in the variation of response
of cells to antisense phosphorothioate oligonucleotides. Euro J Biochem 269:
583–592.
83. Griffiths DA, Abdul-Sada H, Knight LM, Jackson BR, Richards K, et al. (2013)
Merkel cell polyomavirus small T antigen targets the NEMO adaptor protein to
disrupt inflammatory signalling. J Virol 87: 13853–13867.
84. Gould F, Harrison SM, Hewitt EW, Whitehouse A (2009) Kaposi’s sarcoma-
associated herpesvirus RTA promotes degradation of the Hey1 repressor protein
through the ubiquitin proteasome pathway. J Virol 83: 6727–6738.
85. Goodwin DJ, Whitehouse A (2001) A gamma-2 herpesvirus nucleocytoplasmic
shuttle protein interacts with importin alpha 1 and alpha 5. J Biol Chem 276:
19905–19912.
86. Griffiths R, Whitehouse A (2007) Herpesvirus saimiri episomal persistence is
maintained via interaction between open reading frame 73 and the cellular
chromosome-associated protein MeCP2. J Virol 81: 4021–4032.
87. Hall KT, Giles MS, Calderwood MA, Goodwin DJ, Matthews DA, et al. (2002)
The Herpesvirus Saimiri Open Reading Frame 73 Gene Product Interacts with
the Cellular Protein p32. J Virol 76: 11612–11622.
88. Stevenson AJ, Clarke D, Meredith DM, Kinsey SE, Whitehouse A, et al. (2000)
Herpesvirus saimiri-based gene delivery vectors maintain heterologous expres-
sion throughout mouse embryonic stem cell differentiation in vitro. Gene Ther
7: 464–471.
KSHV ORF57 Induces Genome Instability
PLOS Pathogens | www.plospathogens.org 15 May 2014 | Volume 10 | Issue 5 | e1004098
